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Abstract 
Seepage failure is the main failure mode in the embankment of rivers during the flood period. In order to evaluate the 
safety of embankment, to predict the form and location of the failure and to give referential instruction of 
reinforcement of the dyke, it is very important in theory and practice to study the seepage field of the embankment 
during the flood period. The distribution of seepage field in the embankment may be changed as bridge piers are built 
nearby. To ensure the stability and long-term safety of the embankment, it is essential to estimate the seepage 
stability before and after the construction of the bridge piers. In this paper, with the steady and unsteady seepage 
methods, comparative analysis was performed to estimate the influence of bridge piers on the seepage field of the 
embankment. The computed results show that the construction of the bridge has little influence on the seepage field 
and the stability of the embankment will not deteriorate after the construction of bridge foundation, even in the 
extreme condition of a sudden drawdown of water level. 
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1. Introduction 
Seepage flow in river dikes may induce deformation, seepage erosion or even failure of the soil 
materials if its unfavorable effects are not properly controlled [1]. It has been well recognized that the 
seepage failure is more prone to occur in dikes during flood period with sudden rise or drawdown of 
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water level. To evaluate the possibility of seepage failure and to take effective prevention measures, the 
seepage flow behavior, which is actually a non-steady seepage flow process, should be well understood.  
In recent decades, more and more bridges were built across rivers in public construction of 
transportation infrastructures and electric power facilities. When a bridge foundation is located close to an 
existing river embankment, special consideration need be taken because the construction of bridge piers 
may change the seepage field in the embankment, leading to increase of hydraulic gradient, formation of 
channeling passage, or even seepage failure of soil materials. Therefore, re-assessment of the seepage 
field and re-evaluation of the seepage stability in the embankments after the neighboring construction of 
bridge foundation, especially during flood period, is obviously of great importance for stability and safety 
assessment of the river dykes. 
The seepage flow in the embankment is a typical seepage problem with free surface, which involves 
strong nonlinearity and mesh dependency in determination of the free surface and outflow seepage points. 
A large number of achievements have been made to overcome these difficulties, including the adjusting 
permeability approach by Bathe[2], the residual flow approach proposed by Desai[3], the initial flow 
approach by Zhang and Su[4] and the variational inequality method of Signorini’s type proposed by 
Zheng et al.[5]. Among these methods, the variational inequality method of Signorini’s type theoretically 
eliminated the singularity at the outflow seepage points on the seepage surfaces and effectively overcame 
the resultant mesh dependency. Combined with the substructure technique and adaptive penalized 
Heaviside function by Chen et al. [6], this method has successfully solved some challenging steady state 
seepage problems with complex drainage facilities in dam engineering[6]. Recently, Chen et al.[7] further 
extended this method to non-steady flow problems, and proposed a new parabolic variational inequality 
(PVI) formulation of Signorini’s condition, which has been successfully applied to engineering practices 
with complex seepage control systems. 
In this paper, the newly-developed parabolic variational inequality approach of Signorini’s condition 
[7] was introduced and applied to non-steady seepage analysis of a typical section of Yangtze dike in 
which a bridge is planned. A comparative study of steady and non-steady behaviors during flood period in 
the embankment was performed before and after the construction of the bridge foundation. The modeling 
result gives a comprehensive evaluation of the seepage stability of the embankment. 
2. PDE Formulation of Signorini’s type for non-steady seepage flow 
As shown in Figure 1, the non-steady seepage flow through the embankment domain   is actually the 
flow through the wet domain w  below the free surface f . To define a new initial boundary value 
problem on the entire domain , the Darcy’s law is redefined as follows[7], 
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Fig 1 Illustration of non-steady flow through an embankment 
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in which v is the flow velocity, k the second-order hydraulic permeability tensor, ϕ the total water head, z 
the vertical coordinate, p the pore water pressure, ρ the density of water and g the gravitational 
acceleration. Here, ( )H z  is a Heaviside function defined as 
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The seepage flow through the entire domain ( = )w d     is then governed by the following 
equation of continuity 
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where t is time, sS  the specific storage of the medium. 
The continuity equation (5) is subjected to the following initial condition 
0 0
( , , ; ) ( , , ) ( )t tx y z t x y z in                                                                      (5) 
where 0  is the initial water head at time t0 in  . 
The following boundary conditions should also be satisfied 
(1) The water head boundary condition 
( ) ( ) ( )t t on                                                                              (6) 
where   is the prescribed water head on  . As shown in Figure 1, AB CD    at time 0t t . 
(2) The flux boundary condition 
( ) ( ) = ( ) ( )n qq t t q t on BC    n v                                                                (7) 
where q  is the prescribed flux on q , and n the outward unit normal vector to the boundary. 
(3) The boundary condition of Signorini’s type on the seepage surface 
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where s  is the potential seepage boundary.  
(4) The boundary condition of free surface 
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where {( , , ) | = }f x y z z   is the free surface; μ the gravitational specific yield; ez={0, 0,1}T the upwards 
vertical unit vector and n is the unit normal vector on f  pointing from w  to d . 
According to the above PDE formulation of the problem, an equivalent PVI formulation and its 
numerical implementation with FEM were proposed by Chen et al. [7]. Interested readers may referred to 
this work for further details. 
3. Engineering applications 
To improve traffic infrastructures, a highway bridge was planned to build across the Yangtze River. 
The construction of the bridge, which consists of four vertical piers with a diameter of 2.0 m, may change 
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the seepage field in the embankment.  
3.1. Computational model 
To accurately assess the seepage process in the embankment, a FE mesh with 20640 brick elements and 
23517 nodes was generated as shown in Figure 2. The size of the mesh is 300 m vertical to the river, 30 m 
along the river flow direction and 50 m in height. In this model, the strata of the dyke foundation and the 
geometry of the piers are presented. 
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Fig.2. FE mesh for seepage analysis 
3.2. Computational parameters 
Based on geological characterization and engineering experiences, the hydraulic conductivities, 
gravitational specific yields and critical seepage gradients of the strata are shown in Table 1.  
Table 1 Calculation parameters for steady and non-steady seepage flow analysis 
strata hydraulic conductivity (cm/s) gravitational specific yield critical hydraulic gradient 
silty clay 110-6 0.004 0.5 
round gravel 610-2 0.36 0.4 
medium sand 610-2 0.18 0.4 
mudstone 4.10-4 0.02 0.5 
3.3. Boundary conditions 
Table 2 Calculation cases for steady and non-steady seepage flow analysis 
condition 
water level (m) 
calculate position 
waterfront side back water side 
steady seepage 28.23 24.8 inside of the embankment 
non-steady seepage 28.2326.23 24.8 outside of the embankment 
According to the operation conditions of the dyke, the boundary conditions for steady and non-steady 
flow are presented in Table 2. In FE mesh, nodes below the water level on the upstream and downstream 
surface are selected as prescribed head boundary, while nodes up are all taken as the potential seepage 
boundaries satisfying the Signorini’s complementary condition, as well as the bottom and the lateral 
boundaries are assumed to be impermeable. 
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3.4. Computation results 
3.4.1. Computation results of steady flow 
The distribution of total head and location of free surface are shown in Fig. 3, and the maximum 
hydraulic gradients in each soil layer are presented in Table 3. The results show that the construction of 
the bridge foundation has little impact on the seepage field. The hydraulic gradients at the seepage points 
vary in a negligible value, with the value of 0.414 and 0.419 before and after the construction of the 
bridge, respectively. The seepage free surface and the water head contours are consistent before and after 
the construction of the bridge, the seepage stability of the embankment, therefore, can satisfy the design 
requirements. 
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Fig.3. Total water head contours. (a) before and (b) after the construction of  bridge foundation 
Table 3 The maximum hydraulic gradient before and after construction of the bridge 
 hydraulic gradient at the seepage point strata critical hydraulic gradient 
before construction of the bridge 0.414 silty clay 0.5 
after construction of the bridge 0.419 silty clay 0.5 
3.4.2. Computation results of non-steady flow 
Non-steady flow of embankment is generally caused by the change of water level, such as a sudden 
drawdown or a sudden rise. Here we focus on the variation of seepage field in a sudden drawdown 
condition. The variation of the locations of free surface after a sudden drawdown of water level is plotted 
in Fig. 4. The figure shows that the free surface does not depress immediately, but changes with time in 
the waterfront side.  
t=0 day
t=8 day
t=30 day
t=1 day
t=4 day
28.23
26.23
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Fig.4. Evolution of the free surface at various times in the process of sudden drawdown 
Table 4 The maximum seepage gradients at various times after sudden drawdown of flood water level 
Time (hour) maximum  hydraulic gradient location 
1 0.793 waterfront side 
4 0.826 waterfront side 
8 0.745 waterfront side 
12 0.687 waterfront side 
20 0.433 waterfront side 
The maximum hydraulic gradient in the embankment at various times was listed in Table 4, from 
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which one observes that the hydraulic gradient reaches its maximum 0.826 after 4 hours of drawdown of 
the water level. However, with a properly-designed seepage control system in the embankment, the 
embankment would still meet the stability requirement. 
4. Conclusion 
In this study, the seepage flow behaviors in the embankment before and after the construction of a 
bridge foundation were assessed with a FEM method, and the major results are summarized as follows 
(1) The results show that the construction of a bridge foundation has little impact on the seepage field 
and the seepage stability could meet the design requirements. The hydraulic gradients at the seepage 
points vary in a negligible value and the seepage free surface are consistent before and after the 
construction of the piers. 
(2) The hydraulic gradient varies with time after a sudden drawdown of water level. However, with a 
properly-designed seepage control system in embankment, the dyke may meet the stability requirement.  
(3) In addition to the normal water level condition, the embankment may occasionally involve in the 
extreme operation conditions, such as the sudden rise or drawdown of water level. This unfavorable 
condition should be considered in the design of a seepage control system, in order to guarantee the safety 
of the embankment under any flood condition. 
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